ABSTRACT
Environmental cues direct osteoblasts to proliferate and differentiate. The mitogen-activated protein (MAP) kinase pathways provide a key link between the membrane bound receptors that receive these cues and changes in the pattern of gene expression. The three MAPK cascades in mammalian cells are: the extracellular signalregulated kinase (ERK) cascade, the stress activated protein kinase/c-jun N-terminal kinase (SAPK/JNK) cascade and the p38MAPK/RK/HOG cascade. Each has varied roles, depending upon the cell type and context, that include transmitting stress, growth, differentiative and apoptotic signals to the nucleus.
These pathways target an overlapping set of transcription factors that lead to the differential activation of rapid response genes, particularly members of the fos and jun family of proto-oncogenes. These proteins are the principal components of the transcription factor AP-1, which plays a central role in regulating genes activated early in osteoblast differentiation. We discuss in detail a) the nature and activation of these pathways b) how they induce c-fos expression and c) how these MAPK cascades can differentially regulate the activity of AP-1 and thereby osteoblast-specific gene expression.
INTRODUCTION
The control of bone mass is attributable to the function of two cell types: the osteoblast and the osteoclast. There is a vast descriptive literature about the effects of cytokines, growth factors and other agents on these cells. One underlying assumption inherent in all these analyses is that these various agents lead to changes in phenotype via altering the pattern of gene expression (1, 2). The genes that are both induced and repressed play key roles in driving cells toward the desired phenotype, either osteoblastic or osteoclastic. Nevertheless, little is known or understood of how extracellular signals are transduced to the nucleus to effect these changes in gene expression. This review concentrates on one important signaling network linking ligand-activated membrane receptors to the nucleus, the MAP kinase signaling cascades.
The MAP kinase signaling cascades, which will be described in detail below, are likely to play a crucial role in the immediate osteoblast response to a variety of bone active agents. MAP kinases, namely ERKs, SAPKs and p38MAPK, are activated downstream of many different types of receptors, among them are the receptor tyrosine kinases (RTKs), cytokine receptors and serpentine Gprotein-coupled receptors. MAP kinases can also be induced by elevated intracellular Ca 2+ concentrations, PKC activation, almost all types of stress, including mechanical stress, and in certain contexts by elevated [cAMP]/PKA activity (3-7). Given this global response to all these factors, it seems likely that MAP kinase cascades play an important but not unique role in the response of osteoblasts to their environment. An important component of this response occurs at the transcriptional level, and the rapid activation of these cascades strongly implicates them as an essential intermediate in this process.
EARLY EVENTS IN OSTEOBLAST PROLIFERATION AND DIFFERENTIATION
Since commitment to the bone lineage is dependent upon extracellular agents, genes that are rapidly activated by these stimuli are likely to play a key role early in this process. This rapid induction is mediated by the signaling-driven modification of proteins that interact specifically with the different promoter elements of these genes. These transcription factors do not necessarily have to be expressed in a tissue-specific fashion; rather it is the nature and combination of signaling pathways targeting them that forms the basis of the differential response to similar extracellular stimuli in various cell types, e.g., osteoclasts and osteoblasts. Among the genes rapidly activated by external agents, perhaps the best characterized is the c-fos proto-oncogene. Since this gene is responsive to the various MAP kinase signaling pathways, we have used it to evaluate the activation of MAP kinases by a variety of bone active agents (8-10). This approach is further supported by the key role of c-fos in the normal control of osteoblast growth and in the generation of osteosarcomas upon its overexpression (11).
THE HUMAN C-FOS PROMOTER
The promoter of the c-fos gene is comprised of three major elements that mediate the response to distinct intracellular signaling pathways (figure 1). Since genomic footprinting shows no change in the occupation of two of these elements throughout the process of induction, these elements and the proteins bound to them in vivo are likely to be directly targeted by intracellular signals (12). The calcium/cAMP responsive element (CaCRE; 5), located just upstream of the TATA box, can drive transcriptional activation in response to elevation of intracellular Ca 2+ or cAMP concentrations. Proteins of the family, cAMP responsive element binding protein/activating transcription factor (CREB/ATF), bind to this element in vitro and can activate CaCRE-directed reporter genes in transient transfection experiments (13). This activation is dependent upon the phosphorylation of CREB on Serl33, which leads to the recruitment of the coactivator CREB binding protein (CBP)/p300 and thereby potentiation of transcription complex assembly on the promoter (14). The serum response element (SRE; 15,16) is sufficient to drive the transcriptional response of a reporter gene to a wide variety of signals, including growth factors, tumor promoters, and elevated Ca 2+ levels in some instances (17). The protein complex assembled on the SRE contains a dimer of serum response factor (SRF) together with one molecule of ternary complex factor (TCF). The major component of TCF in human cells is Elk-1 (18,19), and Elk-1 is one of the major nuclear substrates of activated MAP kinases (20). The resulting phosphorylation of Elk-1 transforms this protein into a potent transactivator of transcription, thus the MAPK/Elk-1 cassette plays a major role in signaling-driven gene activation in vivo. In the absence of MAP kinase activation SRF can also mediate a moderate transcriptional activation to signals downstream of serum and Ca and heterodimers between the two (24). Their phosphorylation on tyrosine in the cytoplasm, mediated by JAK/TYK kinases (Janus kinase/Tyrosine kinase) associated with cytokine receptors and by certain RTKs, drives their dimerization and nuclear translocation. The dimerized factor can then bind the SIE and participate in promoter activation (23,24). Accordingly, genomic footprints show that the SIE becomes occupied shortly after induction by agents that activate this pathway (12). As will be discussed below, all of these elements are potential targets of MAP kinase cascades via their respective transcription factors.
MAP KINASE SIGNALING CASCADES
Extracellular signals are transmitted to the nucleus in a variety of ways (figure 2). In many instances this occurs via the activation of a kinase localized in the cytoplasm in an inactive form. Upon its activation the kinase translocates to the nucleus where it phosphorylates target transcription factors, thereby modifying their capacity to regulate gene expression (20) . In the case of the MAP kinase cascades, the signal is propagated through the sequential activation of a multiple kinase cassette that allows small changes in an input signal to be amplified into The MAP kinases share two characteristics: their activation by dual phosphorylation on a Thr-Xaa-Tyr motif, after which they function as prolinedirected Ser/Thr kinases with a minimal target sequence of Ser/Thr-Pro (25). The composition and regulation of each MAP kinase cascade is briefly discussed below. For a more exhaustive and detailed description the reader is advised to consult any of the large number of recent reviews concentrating on these signaling systems.
ERKs
Growth factors and other extracellular agents that drive cells to proliferate rapidly activate the ERK (Extracellular signal-regulated kinase, previously called the MAP kinase) signaling cascade. The sequential series of kinases at the core of this cascade are Raf >> MEK >> ERK. The first, Raf or MAPKKK, is activated by a stillunclear mechanism that is dependent upon Ras in the vast majority of cases (25, 27 ). This interaction with Ras relocalizes Raf to the membrane, which seems to be an important component for its activation (25). The Raf family currently contains three members (27), c-Raf (or Raf-1), BRaf and A-Raf, and all three proteins can function as MAPKKK depending upon the cell type. c-Raf has been generally described as the major activator; however, a considerable body of data suggests other functions for cRaf, since its activity can be uncoupled from the ERK cascade (28, 29) . Furthermore B-Raf shows the strongest activation of the ERK cascade in vivo (30,31). Other kinases can also function in this capacity, notably MEKKs 1 and 3 (25). However, these two kinases can also target the SAPK/JNK pathway (see below), so the possibility remains open for other specific activators of the ERK cascade.
Raf activates a second kinase, the MAPKK MEK, that has the singular ability to phosphorylate both the Thr and Tyr residues in the Thr-Glu-Tyr activation motif in ERK (25). Both MEK1 and MEK2 can activate ERK, and it is still unclear whether the two isoforms have different physiological roles in signal transduction.
Upon its activation ERK relocalizes to the nucleus, where it can target both transcription factors and the basal transcription complex (32,33). One of its major targets is TCF, namely Elk-1 and its homologue SAP-la, which then play a key role in the activation of immediate early genes, like c-fos, controlled by SREs in their promoters (20) . Phosphorylation by ERK is also implicated in potentiating the activity of other transcription factors, e.g. STATS, Myc, various ETS proteins and C/EBPbeta (34,35); however, the degree of activation in most of these cases is much less impressive than that observed with TCF and possibly reflects non-physiological levels of overexpression by transient transfection.
ERK activity rapidly decreases to a low level that persists well into the G1 phase of the cell cycle (32, 36). ERK is inactivated by dephosphorylation, and two classes of phosphatases likely play separate roles in this process (37). One, the MKP class of phosphatases (MAP kinase phosphatase), demonstrate a dual specificity for phosphoTyr and -Thr (25, 37). The majority of these phosphatases are encoded by immediate early genes, which demonstrates the existence of a feedback regulation to insure that ERKs are only transiently induced. Nevertheless the induction of MKPs is often too slow to account for ERK inactivation, which occurs via PP-2A (protein phosphatase 2A) mediated Thr dephosphorylation in these cases (38, 39).
There are five members of the ERK family to date. p44ERK1 and p42ERK2 appear to be the major transducers of proliferative signals to the nucleus (25). ERK3 is predominantly nuclear in quiescent cells, and neither the signals leading to its activation nor its targets have been characterized (40). ERK4 remains equally enigmatic, while ERK5/BMKl (for Big MAP Kinase) is a redox-sensitive kinase that might be targeted to the cytoskeleton (41).
ERK has a number of downstream effectors in addition to transcription factors. One, the p90RSK family of kinases, is also involved in gene regulation. RSK (for ribosomal protein S6 kinase) appears to be complexed with ERK in the cell (42) and, like ERK, translocates to the nucleus shortly after its activation (33). Nuclear substrates for RSK phosphorylation include SRF (43) and CREB (44), thus providing a mechanism through which the ERK cascade can simultaneously target multiple elements in the cfos promoter. In addition the c-Fos protein is synergistically phosphorylated by the combination of ERK and RSK on sites that have been implicated in transcriptional repression (45,46), as well as by the MAPK-related kinase Frk-1 in its transactivation domain (47). Thus the ERK cascade can regulate the immediate early transcriptional response at several different levels.
SAPKs/JNKs
This complex family of MAP kinases was identified in two ways: by their activation by different environmental stresses (therefore, Stress Activated Protein Kinase; 48) and by their ability to bind and phosphorylate the NH2-terminal transactivation domain of c-jun on Ser63 and Ser73 (hence c-jun N-terminal Kinase; 49). They are induced by a wide range of cellular stresses (among them UV irradiation, chemical, oxidative, hypoxia and anoxia, heat shock, protein synthesis inhibitors, inflammatory cytokines), but also by a wide range of stimuli, including cytokines and G-protein-coupled receptors among others (25, 50). Depending upon the cell context, SAPK/JNK activation can lead to proliferation, differentiation or apoptosis (25, 50).
Three major isoforms of SAPKs/JNKs, namely p46, p54alpha and p55beta have been identified biochemically and by cloning, although alternative splicing could give rise to as many as 10 distinct proteins encoded by three genes (51) . No consistent correlation can be made between different isoforms and the varied signals activating these kinases.
As with the ERK cascade, their activation occurs via the sequential activation of a kinase signaling cassette that, unlike the ERK cascade, cannot be as clearly defined. Several MAPKKs for SAPKs/JNKs have been described that phosphorylate the Thr-Pro-Tyr activation motif in SAPK/JNK. MKK4 (also called SEKI and JNKK) was the first identified, but it can also activate P38MAPK (see below) when overexpressed by transient transfection in culture cells (25, 50). More recently a much more selective and active SAPKK/JNKK was cloned, namely MKK7, and this kinase is the current favorite as the activator in vivo (52) .
Biochemical fractionation hints at other direct activators which remain to be cloned (50).
At the MAPKKK level, functionally equivalent to Rafs in the ERK cascade, are MEKKs 1-4, along with the mixed lineage kinases (53, 54) . While MEKKl was originally described to activate the ERK cascade (55) , it clearly initiates the signaling cascade leading to SAPK/JNK induction (56) . Interestingly MEKKl is also activated by caspase cleavage early in certain apoptotic signaling pathways (57) . Some MAPKKKs are activated by the Rho family of GTPases that are related to Ras (25,50). Intermediates in this pathway are the p2l-activated Ser/Thr kinases (PAKS) that bind to and are activated by Cdc42 and Racl, as well as several effectors downstream of RhoA.
These GTPases play a critical role in signaling-driven changes in cell morphology and are also implicated in gene regulation. SAPKs/JNKs clearly play a key role in the latter process through phosphorylation of transcription factors. Primary among them are c-Jun, Elk-1 and ATF-2 (25, 50). Thus the ERK and the SAPK/JNK cascades target an overlapping but not identical set of genes, thereby allowing for a complex pattern of regulation through the phosphorylation of a limited number of factors.
Given the strong similarity between the three MAP kinase cascades, it seems likely that there will be a kinase downstream of the SAPKs/JNKs that would be a functional and possibly structural homologue of RSK and MAPKAPK (for MAP kinase-activated protein kinase-see below). This would help explain the activation of c-fos and other IEGs (immediate early genes) by the SAPK/JNK pathway and further expand the regulatory possibilites. Also consistent with the strong conservation between MAPK cascades, several MKPs show a preference for SAPK/JNK as substrates, providing a mechanism for inducible inactivation of this cascade (58) .
What none of these pathways explains is the mechanism by which the small GTPase RhoA can activate the SRE/SRF complex independently of TCF and SAPK/JNK (59) . Nevertheless this observation agrees with others suggesting that the TCF:SRF:SRE complex can also integrate signals arising outside of the MAP kinase signaling network (60).
p38s
This stress-activated protein kinase cascade was identifed and cloned in three independent approaches. p38 was the kinase activated by high osmolarity and bacterial lipopolysaccharide analogous to the yeast HOG1 pathway (61, 62) . p40 was reactivating kinase, capable of directly activating MAPKAP kinase-2 (see below; 63,64). Finally it also proved to be the cytokine suppresive anti-inflammatory drug binding proteins 1 and 2 (CSBP 1 & 2), revealed by a screen for drug-sensitive targets involved in the regulation of IL-1 and TNFalpha synthesis in stimulated monocytes (65) . This explains the confusing terminology used in the first publications describing this pathway. As alluded to above, it is activated in response to various stresses and by inflammatory cytokines, thus its activation coincides with that of SAPKs/JNKs in many instances (25, 50). Sodium arsenite has been reported to selectively activate the p38 pathway (63), while UV-C is specific for the SAPK/JNK cascade (25, 50). This demarcation is not true in all cell lines, which suggests that the differences between the two cascades will be subtle, probably determined by the kinetics and degree of activation of the two pathways.
Four isoforms of p38 have been identified by cloning, termed alpha (61-65), beta (66) , gamma (67) and delta (68, 69) . Given their activation by stress, alpha and beta have also been referred to as SAPK2, gamma has also been cloned as ERK6 and SAPK3, and delta is identical to SAPK4. The isoforms can be differentiated by their sensitivity to the pyridinyl-imidazole drugs used in the screening described above, namely that isoforms alpha and beta are inhibited, whereas gamma and delta are not (68, 69) . All 4 isoforms are activated by dual phosphorylation on a Thr-Gly-Tyr motif by MKKs 3, 4 and 6 (70, 71) . Their activation by MKK4 seems to be an anomaly of transient transfection, since it does not activate in all cases and MEKKl does not induce p38 activity (50). Interestingly MKKs 3 and 6 can selectively activate different isoforms depending upon the cell type analyzed (66, 68, 72, 73 Similarly nothing is published concerning the molecular events linking stress and cytokines to this pathway.
In analogy to the ERK cascade, a family of kinases, MAPKAPKs 2 and 3, serves as an important downstream effector in the p38 cascade. In vitro and in transfected cells, certain p38 isoforms can be linked to either of the MAPKAPKs (77, 78) . More germane to this review are their potential substrates in the nucleus. p38 can phosphorylate and thereby activate several transcription factors, including the TCFs Elk-1 and SAP-la, ATF-2 and CHOP (79) (80) (81) (82) . MAPKAPKs can target CREB, HSP27 and possibly SRF (83) . Thus the same strategy noted above applies in the p38 cascade. Several components in the cascade can target different factors involved in controlling the expression of rapid response genes, therefore generating a complex network with several possible levels of regulation.
MAPK cascades in osteoblasts
In osteoblastic cells a variety of bone-active agents have been described to induce ERKs. These include the growth factors PDGF-BB, EGF and basicFGF, phorbol ester, estrogen, and fluoride at mitogenic doses (84) (85) (86) (87) (88) (89) (90) (91) . These compounds have been variously tested in osteoblastlike cell lines of human (84, 87, 88) , mouse (85) and rat origin (83, 89, 90) , as well as in normal human (84) and rat osteoblastic cells (86) . Several studies have evaluated the functional consequences of ERK activation at the level of gene induction; they report the same strong linkage between ERK and c-fos activation observed in other types of cells (87, 89) .
Interestingly parathyroid hormone (PTH) antagonizes ERK activation via a PKA-dependent pathway in UMR106 osteosarcoma cells (86) , an observation that would correlate with the anti-mitogenic effects of PTH in these cells (92) . As in fibroblasts, this PKA-dependent suppression of ERK is variable between cell lines, since PTH does not antagonize growth factor induction of ERKs and c-fos in several human osteosarcoma cell lines (93) . While the ERK cascade appears to be an important component of intracellular signals intitiated by many agents having proliferative effects on osteoblasts, its in vivo role remains unanswered. This will require selective inactivation of this cascade by pharmacological inhibition, e.g. the MEK inhibitor PD98059 (94), or by gene disruption.
The activation of the SAPK/JNK and p38 cascades has yet to be documented in osteoblasts. In several studies, using various osteoblast-like osteosarcoma cell lines, we observe the induction of both 46kD and 54/55kD SAPKs/JNKs by TNFalpha, IL-1 and different stresses (10). Certain signals also strongly induce a yetuncharacterized isoform of p38, which is likely to represent either p38alpha or delta given their expression patterns (72) . Thus all three pathways are present in these cells and can be activated by extracellular factors.
MAP kinase cascades in vivo
The functions of the various cascades have been principally defined by experiments using cultured cell lines. A number of recent studies nevertheless suggest that these cascades might have other functions in vivo. In T cells and megakaryocytes ERKs are not essential for proliferation but rather for differentiation (95) (96) (97) . The SAPK/JNK pathway appears to play an important role in hematopoiesis (98), T cell proliferation and survival (99,100), and in liver regeneration (101) , as well as in metabolically stressed liver (102) .
In this model, these stresses led to the downregulation of constitutively active p38. In contrast, the p38 cascade is involved in IL-2-driven T cell proliferation (103) , stimulated by insulin in a neuronal growth/differentiation system (104) and activated in skeletal muscle by exercise (105) . These examples, by no means comprehensive, strongly suggest that these kinase cascades are likely to play important roles during development and differentiation. Considering the important role played by the components of AP-1 (detailed below) in early stages in osteoblast differentiation, their selective targeting by separate or the combined activation of different MAPK cascades might play a key role in osteoid stem cell proliferation and differentiation.
AP-1 6.1. AP1 as a key regulatory point of MAPK cascades
AP-1 was originially described as a transcription factor that mediated gene expression in response to the phorbol ester 12-0-tetradecanoylphorbol-13-acetate (TPA) and bound to TPA-response elements (TRE) as found in the c-jun promoter (106) . AP-1 activity is now known to be induced by a wide array of stimuli including growth factors, cytokines, UV radiation and cellular stress, in other words activators of the MAPK cascades described above (25). It is often found as a heterodimer of c-Jun and c-Fos but can actually consist of a heterodimer comprised of any of the Jun proteins (JunB and JunD) and any of the Fos proteins (FosB, Fral and Fra2) (106) . Although less stable than heterodimers, c-Jun homodimers can also form and bind to AP-1 sites in promoters, notably the promoters of early response genes, increasing the possible combination of Fos/Jun family members contributing to AP-1 action (25,107). AP-1 activity is determined by not only its composition but also the phosphorylation state of each Fos/Jun heteropartner. In addition the combination of AP-1 with other transcription factor families, including CREB/ATF, NFAT, ETS, NFkappaB and nuclear hormone receptors, considerably expands the repertoire of genes controlled by AP-1 (106,107).
As described above, several MAPK cascades can target and phosphorylate the partners of the c-Jun/ATF-2 dimer bound to the TRE elements of the c-jun promoter, thereby determining the extent to which c-jun is expressed (figure 3). Both preexisting and newly synthesised AP-1 can also be regulated by posttranslational phosphorylation of cFos and c-Jun (107) . Early reports indicated that COOHterminal phosphorylation of c-Jun and other family members may negatively affect their function by interfering with binding of homodimers but not heterodimers with c-Fos (107, 108) . The current significance of these observations is unclear. What is much clearer is the link between Jun phosphorylation and transcriptional activation. c-Jun is bound by SAPK/JNK in the domain located near the aminoterminus, which recruits the kinase to phosphorylate Ser63 and Ser73 in the c-Jun transactivation domain (109) . Interestingly this kinase/Jun interaction may also allow SAPK/JNK to target certain dimerization partners, e.g. JunD but not JunB (110) . Although the sequences around the c-Jun phosphorylation sites are similar to those located in the transcriptional activation region of c-Fos, a different protein kinase, Frk, mediates this in a Ras-dependent manner (47). Similarly the activity of other members of the Fos family is also dependent upon phosphorylation mediated by both MAPKdependent and -independent pathways (111-113).
Differential phosphorylation of Jun and Fos has obvious functional implications for AP-1 activity. Recruitment of the ubiquitous coactivators in the p300/CBP family by c-Jun is dependent upon this amino-terminal phosphorylation (114) . This provides a mechanism for connecting AP-1, via SAPK/JNK-driven phosphorylation of c-Jun, to the basal transcription machinery. In contrast, the binding of CBP to c-Fos is not phosphorylation-dependent in vitro, although it is unclear whether (the Ras-dependent) Frk phosphorylation of c-Fos is required for CBP-mediated transcriptional activity (115). On the other hand, the capacity of c-Fos to repress transcription, as well as the rapid tumover of c-Fos, is strongly potentiated by c-Fos phosphorylation on COOH-terminal sites, phosphorylation that can be mediated by the synergistic interplay between ERK and RSK in vitro (45,46). Thus differential Fos phosphorylation can account for its function as both an activator and repressor of transcription.
AP-1 and MAP kinase pathways in osteoblasts
A number of factors including cytokines, growth factors and steroid hormones affect osteoblast activity, and many of them activate MAPK cascades. PDGF, FGF and IGF strongly activate the ERK pathway (116), LIF does so weakly (117) and IL-1 and TNFalpha activate both the SAPK/JNK and the p38 pathways (10,116). While all of these factors can stimulate the expression of c-fos mRNA to a greater or lesser extent, the activation of kinase-mediated signaling pathways would assume a different complexity dependent on the degree of activation. For example, PDGF, a strong activator of the ERK cascade, would affect osteoblast gene epression by leading to a strong, transient increase in the level of c-Fos available to form AP-1 heterodimers. PDGF would likely have a second effect on AP-1 activity via Ras-dependent activation of Frk and the activation of both ERK and RSK, with the corresponding positive and negative effects on c-Fos discussed above. There would also be the corresponding induction of JunB and other Fos/Jun family members, thereby modulating the spectrum of AP-1 partner interactions, as well as those with other transcription factors, on osteoblast-specific promoters (1, 2). In contrast, however, IL-1 and TNFalpha have a more complex effect on the signal transduction machinery. IL-1 and TNFalpha act predominantly by activating the stress MAPK pathways (25,50). Nevertheless both factors only weakly activate c-fos transcription in osteoblast-like osteosarcoma cells (10,116). In contrast they should strongly potentiate c-jun transcription via phosphorylation of both Jun and ATF-2 bound to the TREs in the c-jun promoter, along with c-Jun transactivation. This would alter the species of AP-1 available for gene control as compared to PDGF activation. Cytokines like LIF primarily activate the Jak/STAT pathway but also activate the ERK cascade (7). In osteosarcoma cells both pathways are required for a robust induction of c-fos mRNA (117). In this instance there would be a strong induction of c-Fos protein but only a feeble Jun activation since LIF does not activate the SAPK/JNK cascade. Once again the composition of AP-1 would be significantly different. Thus the spectrum of osteoblast gene expression in response to various factors is dependent on the MAP kinase pathway involved.
These three examples illustrate the complexity of the intracellular signaling network controlling gene expression when viewed from the perspective of the MAPK cascades and AP-1 alone. Nevertheless they also illustrate the enormous potential for differential regulation of gene expression via the selective or combined activation of each cascade, as well as the effects of weak versus strong activation. Although our understanding of these phenomena is rudimentary, it is clear that their dissection will be crucial to fully comprehend the process leading to osteoblast proliferation and differentiation. AP-1 sites are implicated in the control of various osteoblast-specific genes, e.g. collagen type I, osteopontin, osteonectin and osteocalcin (1,2). We will use the osteocalcin gene to briefly illustrate this point. The osteocalcin promoter is composed of three regulatory regions that contain a series of AP-1 sites (2) . These contribute to different expression of the osteocalcin gene depending on the status of the osteoblast. Basal and bone-specific transcription is regulated by the OC (osteocalcin) gene box which binds homeodomaincontaining transcription factors and AP-1. High levels of AP-1 activity promote binding of AP-1 to this site and inhibit osteocalcin gene expression in proliferating cells, whereas the low levels of AP-1 activity found in growthinhibited cells permit osteocalcin gene expression through the same promoter element. For example, TGFbeta-driven phosphorylation of Fra-1 correlates strongly with repression of OC mediated via this site (118) . In contrast, developmental and physiological cues for osteocalcin expression are at least partially regulated by glucocorticoid and 1,25(OH) 2 D3 response elements. Both types of receptors are known to interact with AP-1 and CBP, thus varying levels of AP-1 activity are likely to have an important modulatory role in this response (119) (120) (121) (122) (123) (124) (125) (126) .
PERSPECTIVE
It is apparent that MAP kinase signaling pathways are essential for regulating the response of osteoblasts to a variety of extracellular stimuli. They play an important role in osteoblastic responses to developmental signals and bone-active factors via the activation of distinct cascades targeting specific transcription factors. Although the notion that one extracellular factor activates one signaling pathway holds in many cases, the degree of cross-talk between MAP kinase pathways will play an important role in controlling the complexity of osteoblastic gene expression. A further level of complexity is added by the integration of signaling inputs by both components of the transcription factor AP-1. Thus this factor acting alone or in concert with other transcription factors allows both developmental and physiological conditions to target genes at the promoter level. Our limited understanding of the mechanism behind this process shows that much remains to be learned of the integration of kinasemediated signaling pathways and the activation of gene expression in the control of osteoblast function and its contribution to the control of bone modelling.
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